Identity elements of tRNA 1711 " towards Saccharomyces cerevisiae threonyl-tRNA synthetase were examined using In vitro transcripts. By mutation studies, a marked decrease in aminoacylation with threonine showed that the first base pair In the acceptor stem and the second and third positions of the anticodon are major identity elements of tRNA™ 1 ', which are essentially the same as those of Escherlchla coll tRNA™'. Base substitution of the discriminator base, A73, by G73 or C73 impaired the threonine accepting activity, but not that by U 73 , suggesting that this position contributes to discrimination from other tRNAs possessing G73 or C73. No effects on aminoacylation were observed with substitutions at the second base pair in the acceptor stem. These are in contrast to E.coll tRNA 77 "" where the second base pair Is required for the specific aminoacylation, with the discriminator base playing no roles. Of several mutations at the third base pair in the acceptor stem, only the G3-U70 mutation impaired the activity, suggesting that the G3-U70 wobble pair, the identity determinant of tRNA^, acts as a negative element for threonyl-tRNA synthetase. These findings indicate that while the first base pair in the acceptor stem and the anticodon nucleotides have been retained as major recognition sites between S.cerevlslae and E.co//tRNA Thr s, the mechanism by which the synthetase recognizes the vicinity of the top of the acceptor stem seems to have diverged with the species.
INTRODUCTION
Correct recognition of tRNAs by their cognate aminoacyl-tRNA synthetases is essential to the maintenance of accurate translation. To discriminate the cognate tRNA from a pool of various tRNA species sharing a similar L-shaped tertiary structure, the aminoacyltRNA synthetase was found to recognize a relatively small number of nucleotides of the tRNA, which often include the anticodon nucleotides and the discriminator base at position 73 (the base preceding the 3' terminal CCA) (1) (2) (3) . It was also indicated that negative elements function to prevent a tRNA from being recognized by a non-cognate synthetase (4, 5) . These findings highlight the question whether the rule specifying the amino acid acceptor identity of tRNA is conserved among all organisms. Limited systematic studies in several organisms have recently enabled comparison in tRNA recognition among different species, indicating not only similarities but also differences. In the alanine system, the conserved G3-U70 wobble pair in the acceptor stem is crucial for the specific aminoacylation in prokaryotes (Escherichia coli) as well as eukaryotes (yeast, insect and mammals) (6, 7) . The discriminator base, the three anticodon nucleotides, and C38 in the anticodon loop are retained as, identity elements between E.coli and yeast tRNA^Ps (8) (9) (10) (11) . In addition to such conservation of identity elements, a few systems exhibited substantial differences in tRNA recognition among the species. In the methionine system, the anticodon nucleotides contribute to recognition by methionyl-tRNA synthetases from E.coli and human, whereas the Watson-Crick base pair at the bottom of the anticodon stem is important for methionylation by E.coli methionyl-tRNA synthetase but it is disfavored by the mammalian counterpart (12, 13) . All the three phenylalanyl-tRNA synthetases from E.coli, yeast and human recognize the anticodon nucleotides, the discriminator bases and nucleotides in the variable pocket (although the nucleotide at position 20 is different between prokaryotes and eukaryotes), whereas the quantitative effects on mutations in this region are different. Moreover, the striking differences among the three species involve mutations in the nucleotides in the tRNA central core (position 10, 25, 26,44 and 45), required for recognition in E.coli and the lower two base pairs of the anticodon stem, required in human (14) (15) (16) .
In E.coli, the discriminator bases of tRNA Thr and tRNA Ser do not contribute to recognition by the cognate synthetases (17) . However, the discriminator base of human tRN A^ is required for the specific aminoacylation (18) . A question arises whether the discriminator base of a eukaryotic tRNA Thr is unimportant for recognition by threonyl-tRNA synthetase (ThrRS). In E.coli tRNA 1111 , the major identity elements are the first and second base pairs in the acceptor stem, and the second and third positions of the anticodon (19) . Saccharomyces cerevisiae tRNA Thr possesses the same nucleotides at these sites as the E.coli counterpart (Fig. 3) . ThrRSs of the two organisms are relatively well conserved in the amino acid sequence in the subclass of class II synthetases (20) .
The present study examined the identity elements of S.cerevisiae tRNA*" 1 using various in vitro transcripts, and compared them with those of the E.coli counterpart, revealing the evolutionary divergence in tRNA recognition in the threonine system.
MATERIALS AND METHODS

Purification of tRNA
11
"" by the hybrid selection method using solid-phase DNA probes
The preparation of solid phase DNA probes and preparative hybrid selection of tRNAs were carried out as described (21) . The sequence of a biotinylated DNA probe is 5'-CTTCCAATCGGA-TTTGAACCGATGATCTCCAC-Biotin-3', which is complementary to the 32 nucleotides of tRNA^ia extending from the anticodon stem (G40) to the acceptor stem (G71) (22) .
Preparation of template DNAs and in vitro transcripts
Synthetic DNA oligomers carrying the T7 promoter and tRNA genes were ligated into pUC19 and transformed into E.coli strain JM109 (23) (24) (25) . The template DNA sequences were confirmed by dideoxy sequencing (26) . Each template DNA of the discriminator base-substituted mutant was prepared from a plasmid carrying the normal tRNA sequence and two synthetic primers by mutation using the polymerase chain reaction (27) . Transcripts of the tRNA genes were prepared in a reaction mixture containing 40 mM Tris-HCl (pH 8.1), 5.0 mM dithiothreitol, 2.0 mM spermidine, 10 mM magnesium chloride, bovine serum albumin (50 ng/ml), 2.0 mM each NTR 20 mM 5' GMP, ZfafNI-digested template DNA (0.2 mg/ml), 2 U of inorganic pyrophosphatase (Sigma) and pure T7 RNA polymerase (50 Hg/ml) (23, 24, 28) . Transcripts initiated with A were prepared in a reaction mixture containing 20 mM 5' AMP instead of 5' GMP (24) . A transcript initiated with a 5' triphosphorylated guanosine was prepared in the absence of 5' GMP and inorganic pyrophosphatase (23, 24) . The transcripts were purified by 20% polyacrylamide gel electrophoresis.
Aminoacylation assay
Threonyl-tRNA synthetase was partially purified from S.cerevisiae strain BJ926 (kindly provided by Dr Y. Ohsumi of the University of Tokyo) by column chromatographies with DEAE-Toyopearl 650 (Tosoh) and CM-Sephadex C-50 (Pharmacia).. The final enzyme fraction had a specific activity of 330 U/mg (the unit of threonyl-tRNA synthetase catalyzes the formation of 1 nmol threonyl-tRNA per 10 min under the reaction condition described below), and it had neither alanyl-nor prolyl-tRNA synthetase activity. The aminoacylation reaction was performed at 30°C in a buffer containing 60 mM Tris-HCl (pH 7.5), 10 mM magnesium chloride, 30 mM potassium chloride, 5.0 mM dithiothreitol, 2.5 mM ATP and 15 ^M L-[U-
I4 C] threonine (8.6 GBq/mmol), with various concentrations of tRNA transcripts and S.cerevisiae threonyl-tRNA synthetase. The initial rates of aminoacylation were determined by using six concentrations of tRNA transcripts ranging from 0.1 to 5.0 uM at a fixed concentration of the synthetase, depending on the mutant tRNA transcripts.
RESULTS AND DISCUSSION
To investigate the identity elements of yeast tRNA 71 "', a number of variants of yeast tRNA Thr transcripts were constructed using T7 RNA polymerase. I examined the effects on the aminoacylation kinetics of the transcripts by base substitutions, which were at least made at all the positions of the conserved bases and/or base pairs among eukaryotic tRNA 71^, except the invariant and semi-invariant bases in a cytoplasmic tRNA (Fig. 1) . The unmodified transcript of a wild-type tRNA Thr sequence had efficient threonine accepting activity, with only a 4-fold lower max^m than that of native tRNA 11 "' (Table 1) . This indicates that the base modification is not directly involved in the aminoacylation function. Acceptor stem
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Anticodon arm
The most remarked impairment of aminoacylation has been observed with many tRNAs mutated in the anticodon region, adjacent to which positions 32, 37 or 38 are sometimes involved in the recognition by aminoacyl-tRNA synthetases (10, 13, 29, 30) . In this region, native tRNA 1 " 1 contains three modified nucleosides, 3-methylcytidine (m 3 C32), inosine (I34), and AH(9-|^r>rirx)furanosylpurine-6-yl)carbamoyl)threonine (^37) (22) . In eukaryotes, A to I modification at position 34 has been found for all the four-codon set tRNAs except for tRNA 01^ and 37 usually occurs in the tRNAs with U36 (31). The first position of the anticodon seems unlikely to be involved in the base-specific recognition by ThrRS, since tRNA Thr isoacceptors belonging to a four-codon box have at least two kinds of bases at this position (32) . The A34 to G mutation had no effect at all on aminoacylation with threonine ( Table 1) . As for the second and third positions of the anticodon, base substitution of G35 and U36 by any other nucleotide, respectively, severely damaged the threonine accepting activity by two to three orders of magnitude (Table 1) . Some functional groups of the nucleotides may be strictly recognized by ThrRS and play crucial roles in the catalytic-site activation of the enzyme. These findings show that the second and third positions of the anticodon are major identity elements for yeast ThrRS.
Mutations at positions 32, 37 and 38 resulted in 1-5-fold decreases in Vmax/^m ( Table 1 ). The reduced Vmax^m values could be explained by the deformation of the normal anticodon loop structure in aminoacylation, unless the base modifications at positions 32 and 37 are required for the recognition by ThrRS. The C32 to U mutant, which might consequently possess the U32-A38 Watson-Crick base pair, had the lowest activity of these mutants (Table 1) . Base substitutions were extended to the region of the anticodon stem and T stem, where the bases or base pairs conserved among the eukaryotic tRNA Thr s are G26 that makes a tertiary base pair with A44, C27-G43 at the top of the anticodon stem, and U50-A^4 in the T stem. No effects on threonylation were observed by substitutions at these positions (Table 1) .
Discriminator base and acceptor stem
In many tRNA species, changing the discriminator base at position 73 to other bases was found to have significant effects on aminoacylation efficiency (1,2,17). Although A and U have no chemical groups in common, base substitution of A73 by U73 had no effect on aminoacylation, whereas that by G73 and C73 resulted in a 16-and 5-fold decrease in Vmax/^m. respectively (Table 1) . These findings suggest that ThrRS has no functional interactions with the base moiety of A73 but it disfavors G and C at position 73, which affect the normal positioning of the CCA end in aminoacylation. In contrast, the discriminator base of E.coli tRNA Thr plays no role in the aminoacylation function (19) . Base pairs in acceptor stem contain identity elements for several tRNAs including E.coli tRNA Thr , in which both the first and second base pair are important for the recognition by E.coli ThrRS (6, 13, 29, 30, 33, 34) . Substitution of G!-C 7 2 by AKC72 and A1-U72 reduced the Vmax/^m 32-and 86-fold, respectively, while that by G1-U72 caused a smaller decrease in aminoacylation with a 6-fold lower V^/Km (Table 1 ). This suggests that ThrRS directly interacts with G\ rather than the base pair, which is essentially the same as in E.coli. No effects on aminoacylation were seen with several mutations at the second base pair, C2-G71, showing that it is not involved in the recognition by yeast ThrRS, unlike the E.coli counterpart. Base substitutions at U4-A64 and C5-G68 also had little effect on aminoacylation with threonine ( Table 1) . As for the third base pair, changing U3-A70 to A3-U70, G3-C70 or A3-C70 had little effect on threonylation, whereas changing to G3-U70 resulted in an 8-fold decrease in Vmax/^m mainly owing to an increased K m . This finding indicates that the third base pair is not involved in base-specific recognition by ThrRS, but a G3-U70 wobble pair, which is well known as the identity determinant of tRNA™ 3 , is disfavored by ThrRS. The bases of a G-U wobble pair that are pushed into the helical grooves can make two hydrogen bonds, creating a distinctive pattern of functional groups in the grooves that could allow specific protein recognition (2) . Particular impairment by G3-U70 implies that an unpaired guanine 2-amino group in the minor groove of a G3-U70 wobble pair, which was found to have functional contacts with alanyl-tRNA synthetase from E.coli (35) , hinders interaction between tRNA Afa and ThrRS.
The first base pair, G]-C72, in the acceptor stem is recognized by yeast ThrRS and the E.coli counterpart; however it could be of little use for both ThrRSs in the discrimination from the non-cognate tRNAs because a G1-C72 base pair occurs in many tRNAs. For ThrRSs, it seems more difficult to discriminate alanine, proline and serine tRNAs, all of which possess the same nucleotide, G35, at the second position of the anticodon as tRNA 11 *. In addition to the third position of the anticodon, in yeast, the impairment in threonylation by G73 and C73 is effective for ThrRS in discriminating tRNA^ with G73 and tRNA 1^ with C73. The discrimination of tRNA 5 " might be easier for ThrRS due to the long variable arm. Although the discriminator position cannot contribute to the exclusion of tRNA Ala sharing A73, the G3-U70 wobble pair is helpful in preventing tRNA^8 from being mischarged by ThrRS. In E.coli, instead of positions 73 and 3-70, the second base pair, C2-G71, in the acceptor stem is required in threonylation (19) , so that alanine, proline and serine tRNAs all possessing G2-C71 at the second base pair position can be distinguished by E.coli ThrRS.
Many of the nucleotides involved in the recognition by aminoacyl-tRNA synthetases are well conserved among prokaryotes and/or eukaryotes. In the threonine system, the first base pair in the acceptor stem, G1-C72, which is required for aminoacylation by both E.coli and yeast ThrRSs, is widely conserved among various species. In contrast, the second base pair is not conserved; C2-G71 is indeed retained within all prokaryotes, but C2-G71 and G2-C71 occur in yeast and higher eukaryotes, respectively (32) . As for the discriminator base position, the nucleotide varies among many organisms, such as A for coliphage, most eubacteria and yeast, and U for archaebacteria, Thermus thermophilus and higher eukaryotes; it is also variable even within a single eubacterium such as Pseudomonas aeruginosa and Bacillus subtilis (32) . A and U selectively appear at this position instead of G or C. This phylogenetic fluidity at the discriminator base and the second base pair may reflect the difference in identity elements between E.coli and yeast tRNA^s, although they possess the identical discriminator base and the identical second base pair. At position 3-70, the complete conservation as Py3-Pu70 in all prokaryotic and eukaryotic tRNA 7 "^ (32) is likely to be involved in precluding tRNA Thr from being recognized by alanyl-tRNA synthetase. On the other hand, the G3-U70 wobble pair of tRNA Ala behaves as a negative element for yeast ThrRS.
The 5' triphosphorylated transcript had a 5-fold lower activity with an increased ^m than the normal monophosphorylaled one (Table 1 ). This indicates that the 5' terminal phosphate of tRNA Hls , which is one nucleotide longer than other tRNA species, is as important for recognition as that of tRN fiJ*" (24, 36) .
To verify the importance of the discriminator base and the anticodon for threonylation, U36 and C73 were transplanted into the yeast tRNA* 1 ™ transcript (Fig. 2) , which was not aminoacylated by ThrRS although with two of the identity elements of tRNAThr, G1-C72 and G35 (Table 1) . Having many different nucleotides, particularly in the acceptor stem and in the anticodon stem, from those of tRNA 11^, the tRNA^ mutant with U36 showed threonine accepting activity with an 18-fold lower max/^m (Table 1 ). An additional mutation of C73 to A elevated the activity to a 7-fold lower Vmax/^m-
D stem and variable loop
Yeast tRNA 71 "; lacking the Pyl3-Pu22 pair in the D stem, has a G9-G23-C12 and an A13-A22-A46 tertiary interaction in the central core of tRNA (Fig. 1 ). Brennan and Sundaralingam pointed out that a G9-G23-C12 triple is a common feature among those tRNAs which are thought to lack the Py 13-Pu22-Pu46 tertiary interaction (37) . Nucleotides in this region are the most different in sequence from those of E.coli tRNA^, which belongs to many classical tRNAs with the Pyl3-Pu22-Pu46 tertiary interaction (Fig. 3) . Replacement of (G9-G23-C12) to (A9-A23-U12) and of (A13-A22-A46) to (C13-G22-G46), respectively, had a slight effect on aminoacylation (Table 1 ). These findings indicate that these nucleotides involved in the tertiary interaction do not participate directly in sequence-specific interaction with the synthetase.
Concluding remarks
The above results show that the first base pair in the acceptor stem and the second and third positions of the anticodon are major identity elements for yeast ThrRS, and two sites of the discriminator base and the third base pair in the acceptor stem contribute to discrimination from other tRNAs possessing G73, C73 or G3-U70 rather than to base-specific recognition by the synthetase (Fig. 3A) . Although the nucleotides at these positions are identical between E.coli and yeast tRNA^s, the substantial differences involve the contribution of the discriminator base and the second base pair in the acceptor stem to the aminoacylation function (Fig. 3) . Thus, while the anticodon nucleotides and the first base pair in the acceptor stem have been conserved as recognition sites throughout evolution, the mechanism by which ThrRS recognizes the vicinity of the top of the acceptor stem seems to have diverged with the species. This is supported by our recent findings obtained in the T.thermophilus threonine system, where the first base pair in the acceptor stem and the anticodon nucleotides play important roles in threonylation, and unlike E.coli tRNA rhr the discriminator base, U73, is also required instead of the second base pair in the acceptor stem (Nameki et al. unpublished data). These findings have indicated a distinct difference in identity elements between mesophilic and thermophilic prokaryotes. In higher eukaryotic tRNA Thr s, U73 appears at the discriminator base position as well as in T.thermophilus tRNA Thr . Further studies are required on the recognition of a higher eukaryotic tRNAT" 1 " to reveal the similarities and differences between eukaryotes.
